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We have synthesized Eu(III) ternary complexes possessing record
photoluminescence yields up to 90%. This high luminescence
performance resulted from the absence of quenching moieties
in the Eu coordination environment and an eﬃcient energy transfer
between ligands, combined with a particular symmetry of the
coordination environment.
Understanding the aspects of photophysical behaviour is the
key to design new highly luminescent materials. Lanthanide(III)-
based compounds exhibit characteristic metal-centred narrow
f–f luminescence with high colour purity in the UV, visible, and
near-infrared spectral ranges.1–5
Among other lanthanides, europium complexes are the most
intriguing and mainly used ones, due to the broad scope of
possible practical applications of Eu-based luminophores.3,5
Since the first phosphorophore with bright red emission was
discovered by Urbain in 1924,6 numerous Eu-based compounds
have been prepared, exhibiting diﬀerent luminescence eﬃciencies,2
i.e. total quantum yield (Qtot). Although the position of the lantha-
nide luminescent bands shows little dependence on the coordinated
ligands, the brightness and the eﬃciency of lanthanide
luminescence can be increased drastically by coordinating the
lanthanide ion with chromophore ligands.3,7–11 The highest
reported efficiency for Eu(III)-based emitters Qtot (96%) was
achieved in inorganic–organic hybrid materials (9.5%).12 As
for lanthanide coordination compounds (LCC), Eu(III) ternary
b-diketonates, known for being highly luminescent, possess
Qtot as high as 80–85% in the solid state.
13,14 Apart from them,
benzimidazole-substituted pyridine-2-carboxylic acids can also
serve as efficient sensitizers of Eu(III) luminescence with Qtot up
to 71%.3 However, since the red Eu(III) emission can easily be
quenched by high-energy X–H vibrations,1,10,14,15 such high Qtot
values for the LCCs are barely achievable.
Herein we report on new highly emissive LCCs, exhibiting
record Qtot values up to 90%, which to the best of our knowledge
is unprecedented for Eu(III) coordination compounds. These
complexes were successfully used as OLED emitting layers and
as luminescent probes for bioimaging. We have shown recently
that Eu fluorobenzoates with one ortho-fluorine substituent
(northo = 1) are promising luminescent materials due to their
UV-stability and solubility.1 We aimed to increase the Qtot of Eu
fluorobenzoates using 1,10-phenanthroline (Phen, a-series)16,17
and bathophenanthroline (BPhen, b-series) as auxiliary ligands
(Fig. 1), which can protect the Eu(III) ion from non-radiative
deactivation,14,18 increase the light absorption and decrease
lanthanide ion coordination environment symmetry.18–22
Fig. 1 Schematic structural formulae of compounds 1–3, studied by us
previously,1 and new highly emissive complexes 1a–3a and 1b–3b, studied
in this work.
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The structures of the synthesised ternary complexes (TCs)
were determined by means of single crystal X-ray diﬀraction
(see the ESI†). As we have shown previously,1 the number of
non-hydrogen ortho-substituents of the benzoic acid derivative
(northo) was found to be the most important factor aﬀecting the
crystal structures of homo-ligand partially fluorinated benzo-
ates. Thus, the complexes with the same northo values tend to be
isostructural up to the number of F-substituents. The TCs,
synthesized in this work, also follow this trend (Fig. S1, ESI†).
Molecular structures were determined for the complexes 1a,
2a and 1b. The compounds are isostructural within a-series
(1a and 2a, up to R2-substituent). The structure of 1a is the
same as reported for the Eu complex23 and its Tb analogue.24
The structure of 1b (CCDC number 1818246) is also dimeric,
exhibiting the similar coordination modes of the ligands
(Fig. S1 and Table S1, ESI†), however, possessing slightly diﬀerent
geometry from 1a and 2a (CCDC number 1818247) due to the
diﬀerence in short contacts and hydrogen bonds (Fig. S2, ESI†).
None of these structures is similar to the previously reported
structure of the lanthanide tetrafluorobenzoate (northo = 2) with
Phen.25 Due to the increase of northo, resulting in the decrease of
the tetrafluorobenzoate anion coordination ability, this complex
crystalizes inmonomeric units with two Phenmoieties per Ln ion.
However, it is not the case for the herein studied fluorobenzoates,
possessing relatively high thermodynamic stability and hence,
having a higher tendency to polymerize.1 The coordinated Phen or
BPhen molecules (1 per Ln ion) prevent polymerisation, forcing
towards dimer formation.25–27
The coordination of Phen/BPhen molecules leads to a change
in the Eu coordination number (CN) and polyhedron shape.
Contrary to an assumption encountered in the literature that
CN = 9 is the most common coordination number for Eu(III)
complexes, CN = 8 is as much popular according to the analysis of
the Cambridge Crystallography Database (CSD) (Fig. S3, ESI†).28
However, some groups reported that Ln complexes with an odd
CN number have the potential to be strong luminescent materials
due to lower symmetry around the lanthanide ion.29 Besides,
when coordination lowers the symmetry around the Ln ion, the
intensity of Laporte-forbidden f–f transitions increases viamixing
of ligand and lanthanide orbitals,18,30 which can influence both
luminescence brightness and colour as well as the rate of radiative
f–f transitions.18,31 Using N,N-donor auxiliary ligands, we aimed
to remove luminescence quenching of H2O molecules from
8-coordinated complexes 1–3 and achieve 9-coordinated poly-
hedron in a- and b-series. The coordination polyhedron of the
complexes 1–3 was determined to be a distorted snub disphenoid
(J-SD,32 Fig. 2a), while the structure of 2a (as well as 1a and 1b) is a
distorted tricapped trigonal prism (J-TCTPR,33 Fig. 2b).
This result indicates that unlike 2, complex 2a has no
inverted centre in the crystal field, resulting in an increase in
electron transitions in the 4f-orbitals due to odd parity34 and
hence the increase of the Qtot value.
The increase of the Qtot value of ternary complexes is mainly
due to the increase of the intrinsic quantum yield QEuEu from
25% up to 100% as compared to the complexes 1–3, reported by
us recently (denoted as Eu-9, Eu-7 and Eu-6 respectively in ref. 1).
The QEuEu value was calculated as a ratio of the lanthanide
luminescence lifetime, tobs, and its pure radiative lifetime, trad.
The latter was determined from the corrected emission spec-
trum (Fig. S5, ESI†), according to the method described by
Werts et al.35 Thus, for all ternary complexes, QEuEu is higher than
90% (Table 1). Such high intrinsic quantum yields indicate the
absence of the non-radiative pathways which is due to the absence
of high-energy bond vibrations in the Eu(III) ion environment.
Hence, the only factor which can decrease the overall Qtot is
the energy transfer efficiency ZL-Eu, according to the formula
Qtot = ZL-LnQLnLn. In the case of 1a, the ZL-Eu is as high as 98%,
which leads to the record Qtot value for this complex, though for
other TCs it is found to be in the range of 65–85% (Table 1).
It is worth pointing out that Qtot of previously reported Ln(III)
8-coordinated tetrafluorobenzoate TC, containing two Phen
moieties per Eu(III) ion, only reaches 45%,25 while Qtot of Eu(III)
tetrafluorobenzoate TC with Phen is 38%.37 This confirms that the
Phen ligand is responsible for a high quantum yield not only due
to the increase of the ZL-Eu value, but also due to the formation of
a proper coordination environment, which aﬀects QEuEu.
To analyse the excitation processes in TCs, ternary complex 1a
was also investigated by means of time-resolved step-scan FTIR
(trFTIR)38,39 (Fig. 3) in the region between 1900 and 800 cm1
(shown is only the relevant part from 1750 to 1200 cm1),
yielding strong evidence of the population of a long-lived elec-
tronically excited state after excitation with a 355 nm laser pulse.
Negative (due to the ground state depopulation) and positive
(due to the population of an electronically excited state) absorp-
tion bands are observed in the step-scan diﬀerence spectrum
directly after excitation. The experimental diﬀerence spectra
Fig. 2 Coordination polyhedron (a) of 2 and (b) of 2a. Lanthanide ion is in
the middle, coordinating oxygen from the carboxylic ligand (red balls) and
nitrogen from the 1,10-phenanthroline ligand (blue balls).
Table 1 Photophysical properties of solids 1a–3a and 1b–3b. The esti-
mated errors in measured Qtot, Q
Eu
Eu values and calculated Q
Eu
Eu are 10% and
5%, respectively. trad, Q
Eu
Eu and ZL-Eu were calculated as described in the
literature10,35
1a 2a 3a 1b 2b 3b
tobs
a, ms 1.45 1.50 1.46 1.31 1.40 1.45
trad, ms 1.58 1.51 1.61 1.41 1.40 1.45
QEuEu, calc/exp
b, % 91/95 99/100 91/95 92/— 499/— 499/—
Qtot
a, % 90 82 77 66 70 67
ZL-Eu, % 98 84 85 70 70 65
a Excitation wavelength 347 nm, which corresponds to the through-
ligand excitation. b Excitation wavelength 390 nm, which corresponds
to the 5L6’
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show the strongest change in absorbance directly after excita-
tion of the sample followed by a slow decay of the signal
intensity without shifts in the band positions. This slow decay
is interpreted as the repopulation of the electronic ground state
from a long-lived excited state. Therefore, we assume that only
one excited electronic state is populated on the time-scale from
100 ns to 500 ms. It is worth mentioning that the absolute D
absorbance value is less than 1 mOD, which is rather weak
compared to similar complexesmeasured with this apparatus.38,39
Nonetheless, a band assignment is feasible due to the low
noise level.
The IR spectrum of 1a was also simulated using DFT calcula-
tions (Fig. S4, ESI†) and coincides with the experimental one.
The simulation of the absorption spectra via TD-DFT showed
that the first excitation (313 nm) represents a combination of a
p–p* excitation in the Phen ligand and an intraligand charge-
transfer (ILCT) from the bridging fluorobenzoate to the Phen.
The most intense transition (295 nm) results mainly from an
ILCT from the non-bridging fluorobenzoate to the Phen. This
witnesses the strong participation of the auxiliary ligand Phen in
the energy transfer processes serving as an additional step of
energy transfer between the anionic ligand L and the emissive
Eu(III) ion. Such a phenomenon eventually leads to the increase
of the ZL-Eu value up to 98%.
Thus, similar sensitization eﬃciency, Eu coordination poly-
hedron symmetry, and even absorption1,25 result in the similar
photophysical properties of complexes with Phen and BPhen.
However, these two ligands dramatically diﬀer in the aspect of
practical application, which was demonstrated by testing them
as bioimaging probes and as emission layers in OLEDs.
In OLEDs the most eﬃcient complexes 1a, 2a, 1b and 2b
were tested in the heterostructure PEDOT:PSS/PVK/EML/TPBi/Al
(EML = emission layer). In the spectra of TCs 1a and 2a with
Phen, exhibiting the highest Qtot values, the
5D0-
7F2 band of
europium luminescence was present; however, both spectra were
dominated by the broadband luminescence of transport layers
(Fig. 4a, left). The reason of such behaviour, as shown by some of
us recently,25 is insuﬃcient electron mobility of Phen together
with its too high LUMO level (1.2 eV). Therefore, the record value
of Qtot does not result in high performance of 1a and 2a as
emitting materials in OLEDs. Unlike this, the use of BPhen
containing complexes 1b and 2b resulted in pure ionic Eu(III)
luminescence (Fig. 4a, right). This phenomenon can be described
only by the improved charge transport properties of BPhen in
comparison to Phen, given the similar structures of the complexes
and almost the same I–V curves of OLEDs with these compounds
as EML (Fig. S9, ESI†) (Fig. 4b).
Cellular tests of complexes from a- and b-series, however, showed
the opposite behaviour. The DMSO-solutions of TCs with BPhen,
tested at safe concentrations (0.1 mM), showed very low cellular
permeability. In contrast, TCs with Phen turned out to be very
promising for cellular imaging, given their high solubility (5–7 mM
in EtOH/H2O 2/1, v/v) and nontoxicity (safe concentration 0.3 mM,
Fig. S7, ESI†). When human cervix carcinoma (HeLa) cells were
incubated with 1a, 2a and 3a probes, compound 1a showed the
strongest luminescence due to its higher Qtot (Fig. S8, ESI†).
In summary, we have demonstrated exceptionally high values
of total photoluminescence quantum yield (Qtot) of Eu(III) ternary
complexes. We believe them to be the highest reported values
and showed their principal applicability for both optoelectronic
and biological applications.
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